The regulation of SNARE complex assembly likely plays an important role in governing the specificity as well as the timing of membrane fusion. Here we identify a novel brain-enriched protein, amisyn, with a tomosynand VAMP-like coiled-coil-forming domain that binds specifically to syntaxin 1a and syntaxin 4 both in vitro and in vivo, as assessed by co-immunoprecipitation from rat brain. Amisyn is mostly cytosolic, but a fraction cosediments with membranes. The amisyn coil domain can form SNARE complexes of greater thermostability than can VAMP2 with syntaxin 1a and SNAP-25 in vitro, but it lacks a transmembrane anchor and so cannot act as a v-SNARE in this complex. The amisyn coil domain prevents the SNAP-25 C-terminally mediated rescue of botulinum neurotoxin E inhibition of norepinephrine exocytosis in permeabilized PC12 cells to a greater extent than it prevents the regular exocytosis of these vesicles. We propose that amisyn forms nonfusogenic complexes with syntaxin 1a and SNAP-25, holding them in a conformation ready for VAMP2 to replace it to mediate the membrane fusion event, thereby contributing to the regulation of SNARE complex formation.
The exocytosis of synaptic and dense core vesicles with the plasma membrane in neurons and neuroendocrine cells requires proteins of the SNARE 1 families. The vesicle-associated membrane protein, VAMP2, a v-or R-SNARE, forms a specific SNARE complex with the target membrane-associated t-or Q-SNAREs syntaxin 1 and SNAP-25, whose parallel orientation brings the two membranes in close enough proximity to fuse (1, 2) . Structurally the SNARE complex is a four-helix bundle comprised of one coiled-coil-forming domain from each of syntaxin and VAMP and two from SNAP-25 (3, 4) . The center of the bundle is made up of 15 hydrophobic layers from the "a" and "d" positions of the heptad repeats of these coiled-coilforming domains, whereas the central "ionic" layer is highly conserved and polar in nature, containing a glutamine residue in the three t-SNAREs and an arginine in the v-SNARE (3), hence the classification of v-and t-SNAREs as R-and QSNAREs, respectively (5) . The parallel orientation and high stability of the SNARE bundle led to the proposal that its formation drives the mixing of the membrane bilayers by zippering up through the transmembrane domains of syntaxin and VAMP (1, 2) , and there is some evidence to support this (6 -9) . After the fusion event, the SNAREs are in a cis-complex in the same membrane and must be dissociated by the action of the ATPase NSF and ␣-SNAP, so that SNAREs can be regenerated for the next round of fusion (10 -13) .
In addition to mediating the fusion event, the SNARE proteins have also been implicated in the specificity of membrane fusion, the SNARE hypothesis stating that a particular v-SNARE on a transport vesicle should only form a specific complex with its cognate t-SNARE on the correct target membrane, thereby ensuring that the vesicles only fuse with the right compartment (14) . Although this hypothesis was cast into doubt by the finding that soluble v-SNAREs (lacking their transmembrane domains) can form highly stable complexes with a variety of noncognate t-SNAREs in vitro (15, 16) , not all of these noncognate SNARE complexes have been shown to result in membrane fusion in functional assays. Synthetic liposomes bearing the yeast t-SNARE equivalents of syntaxin 1 and SNAP-25 (Sso1 and Sec9, respectively) fuse with liposomes containing any transmembrane R-SNARE as the v-SNARE (such as Sec22 and Nyv1), not just the cognate VAMP2 homologues Snc1 and Snc2 (17) . However, with the vacuolar t-SNAREs (Vam3/Vam7/Vti1), only the cognate Nyv1 v-SNARE mediates liposome fusion (of those so far tested) (17) . Thus, in the absence of other proteins, the SNAREs by themselves do impart some degree of specificity to liposome fusion. However, in permeabilized PC12 cells, fusion mediated by syntaxin 1 and SNAP-25 can be blocked by soluble VAMP2 (the cognate v-SNARE, which prevents fusion by displacing the membrane-bound VAMP2) but not by soluble Sec22 (18) , which does form complexes in the liposome system (17) . This indicates that SNARE complex formation in the presence of cellular proteins is more specific than in their absence and suggests that such cellular factors may regulate the formation of specific SNARE complexes, thereby ensuring multiple layers of specificity.
Thus, it appears that the upstream regulation of SNARE complex assembly, and not just the SNAREs themselves, also underlies the specificity of vesicle fusion. Other than the syntaxin chaperone n-sec1, which is thought to mediate a conformational change in syntaxin 1 that enables it to form com-plexes with SNAP-25 and VAMP2 (19, 20) , little is known about upstream proteins that could regulate SNARE complex formation. Rabs and their effectors have been proposed to play a role in stimulating n-sec1-mediated conformational changes and also in regulating vesicle tethering, but no Rab/Rab effector pair has yet been directly shown to regulate the formation of the synaptic SNARE complex (19, 21, 22) . Another candidate for the displacement of n-sec1 from syntaxin is munc-13, which acts at the priming stage of exocytosis (23) , during which loose SNARE complexes form (24, 25) . Munc-13 has also been shown to functionally interact with the Rab3 effector RIM1, which could provide a link between tethering and SNARE complex formation (26) . A brain-specific protein named m-tomosyn (27, 28) , which binds to syntaxin via a VAMP-like coil domain in its C terminus (29) , has also recently been proposed to trigger the removal of n-sec1 from syntaxin, thereby regulating formation of the synaptic SNARE complex (27) . However, it is not yet understood if or how this occurs, nor how VAMP replaces tomosyn in binding to syntaxin to form the fusion complex. In addition, it is not yet known whether proteins like tomosyn could regulate the availability of SNAP-25 or VAMP for SNARE complex formation.
Here we identify a novel protein that has similarity in its coil domain to tomosyn and VAMP8 and that also binds to syntaxins 1 and 4 and may play a role in regulating the formation of SNARE complexes. Based on the naming of tomosyn ("tomo" meaning "friend" in Japanese) (27) , we named our syntaxinbinding protein amisyn ("ami" being the French for "friend").
EXPERIMENTAL PROCEDURES
DNAs and Proteins-Amisyn was identified by tBLAST-N searching the expressed sequence tag database for homologues of the coil domain of tomosyn. One of 15-18 overlapping human expressed sequence tags (IMAGE clone identification number 769018 from ATCC (zw11g06.r1); GenBank TM accession number AA426302) covered the entire clone (with a couple of sequencing errors) except the first 4 bases (ATGA, which were directly preceded by a stop codon) because of cleavage by the cloning enzyme EcoRI, which were inserted by PCR where necessary. DNAs encoding the full-length (aa 1-222), N terminus (aa 1-155), and coil domain (aa 158 -222) were subcloned into pGEX-KG for recombinant expression and Myc-pcDNA3 (Invitrogen) for mammalian cell transfection. Site-directed mutagenesis of amisyn was achieved using the Stratagene QuikChange protocol and verified by sequencing, as previously performed for VAMP2 (30) . The recombinant amisyn coil domain was expressed and purified as previously published for the SNARE proteins (18) ; the full-length and N-terminal domains expressed poorly and were insoluble. SNARE complex formation, gel filtration purification, and circular dichroism analysis were as described (8, 18) , except for the inclusion of 2 M GdnHCl in the circular dichroism cuvette where indicated. SNARE complexes were dissociated as previously reported (30) .
Bead Binding-GST-tagged SNAREs as indicated were purified on glutathione-agarose beads, and their concentrations were estimated by SDS-PAGE. For the experiment in Fig. 2A , ϳ5 M GST proteins were incubated with 1 or 3 M soluble amisyn coil in a total of 50 l of buffer A (20 mM Hepes, pH 7.2, 150 mM KCl, 0.05% Tween 20, 0.1% gelatin) for 2 h at 4°C prior to washing twice in 200 l of buffer A and twice in buffer A containing 5% glycerol instead of gelatin. Bound proteins were eluted in sample buffer, and 1 ⁄10 was used for 17% SDS-PAGE and Western blotting with anti-amisyn coil antibodies. In Fig. 2B the indicated amounts (0 -10 M) of amisyn coil or SNAP-25 N terminus (aa 1-82) were incubated with ϳ1 M GST-syntaxin 1 (or GST alone) beads and washed as in Fig. 2A , with 1 ⁄3 of the sample being used for Western blotting with anti-amisyn coil or anti-SNAP-25 N-terminal antibodies. Antibodies-A synthetic peptide encompassing aa 2-30 of amisyn was partially dissolved in phosphate-buffered saline containing 10 mM dithiothreitol and 20% Me 2 SO for 3 h at 37°C, and 2 mg was coupled to 1.23 mg of keyhole limpet hemocyanin with 10 mM glutaraldehyde and used as an immunogen to immunize rabbits (Josman, LLC). Two rabbit antibodies were also raised against the soluble coil domain of amisyn in phosphate-buffered saline. Other antibodies used were anti-syntaxin 1 (HPC1) (31) (37) .
Tissue Extractions-Rat organs were homogenized in 3 ml of HB buffer (20 mM Hepes pH 7.2, 10 mM sucrose, 10 mM KCl, 2 mM EDTA, 2 mM EGTA, 6 mM MgCl 2 , 1 mM dithiothreitol, 1 mM phenylmethylsulfonyl fluoride, 2 g/ml leupeptin, 4 g/ml aprotinin, 0.7 g/ml pepstatin A) per gram in a Teflon-glass homogenizer. For cell extracts, 0.5 ml of HB/confluent 10-cm dish was used. Post-nuclear supernatant (PNS) was produced by spinning at 1000 ϫ g for 15 min. For the Western blots in Fig. 4 (A and B) , equal total PNS concentrations of different tissues and cell lines, respectively, were loaded on 12% SDS-PAGE gels. A 1-h 100,000 ϫ g spin (or only 20,000 ϫ g where indicated) of the PNS resulted in cytosol (supernatant) and a membrane pellet, which was extracted by incubation at 4°C in 1% Triton X-100 in HB where indicated, after which Triton-insoluble material was removed by another 100,000 ϫ g spin for 30 min. For the membrane extraction in Fig. 5B , membranes spun down at 20,000 ϫ g for 15 min were washed once in HB, repelleted, and then extracted for 30 min in HB containing either 1.5 M NaCl, 2 M urea, 0.2 M sodium carbonate, pH 11, or 2% Triton X-100 as indicated prior to a 1-h spin at 100,000 ϫ g (38) . For the glycerol gradient in Fig. 5C , equal total protein concentrations of cytosol and supernatants of 2-h Triton-extracted membranes (after pelleting the detergent-insoluble material) were loaded onto 1.2 ml of 11-34% glycerol step gradients in HB and centrifuged at 91,000 ϫ g for 18 h, and then 14 equal fractions were collected from the top.
Percoll Gradient-Six confluent 15-cm dishes of HeLa cells were carefully disrupted by gentle scraping and passage through a 27-gauge needle as described previously (39). 1.1 ml of HeLa PNS was loaded on a 10.5-ml 25% (w/v) self-forming Percoll gradient in 10 mM Tris, pH 8, 150 mM NaCl and centrifuged at 20,000 ϫ g for 50 min. 1-ml fractions were collected from the top and extracted with 10 mM CHAPS detergent as described (39) . After pelleting the Percoll, the supernatants were concentrated in a Centrikon-10 concentrator and loaded onto a 12% SDS-PAGE gel for Western blotting.
Immunoprecipitation-PNS, cytosol, and membranes were prepared from two frozen rat brains as described above, except that the membranes were washed once and repelleted in HB before extracting both the PNS and membranes with 1% Triton X-100 for 1 h at 4°C. After spinning to remove any Triton-insoluble material, the three extracts were diluted to equal concentrations (determined by the Bio-Rad Bradford assay), precleared with protein A-Sepharose for 5 h, and then divided equally into tubes to be incubated with the indicated antibodies and protein A-Sepharose overnight at 4°C. The beads were washed four times in HB with 1% Triton X-100 and twice in 20 mM Hepes-NaOH, pH 7.4, and then the bound proteins were eluted by boiling in sample buffer and analyzed by 12% SDS-PAGE and Western blotting.
Cracked PC12 Cell Assay-PC12 cells were loaded with [ 3 H]norepinephrine, permeabilized by cracking, and extracted with EGTA as described previously (8, 40) . For the regular release assay, the cells were washed three times in KGlu buffer (50 mM Hepes, pH 7.2, 105 mM potassium glutamate, 20 mM potassium acetate, 2 mM EGTA) containing 0.1% bovine serum albumin, and then ϳ10 6 cells/reaction were stimulated to secrete norepinephrine by warming to 30°C in the presence of 2 mM MgATP, ϳ0.7 mg/ml rat brain cytosol, and 1.6 mM total Ca 2ϩ (ϳ1 M free Ca 2ϩ , measured by fura-2 fluorescence as in Ref. 41 ) in a total of 200 l of KGlu buffer. Where indicated, the soluble coil domains of various SNARE proteins or amisyn were included in the reaction as described (18) . For the rescue assays, the cells were treated with 30 nM botulinum neurotoxin E for 10 min at 30°C in the presence of 2 mM MgATP and ϳ0.7 mg/ml rat brain cytosol prior to the three washes, and 50 M SNAP-25 C-terminal coil was included in the stimulation mixture to rescue exocytosis (as in Ref. 8) . Unless otherwise indicated, the 30°C stimulation was for 30 min, and then the reactions were chilled on ice and centrifuged at 2500 ϫ g at 4°C for 30 min, and the percentage of [ 3 H]norepinephrine released into the supernatant was measured by scintillation counting (the cell pellets were solubilized in 1% Triton X-100 for 1h at 42°C prior to counting). The results were plotted using Cricket Graph 1.5.2 software (Computer Associates International, Inc.).
RESULTS

A Tomosyn-related Protein Forms Complexes in Vitro with
Synaptic SNAREs in Place of VAMP2-A data base search for homologues of the VAMP-like coil domain of tomosyn (27) revealed a novel protein of 222 aa, with a unique N-terminal domain and a tomosyn-like predicted coiled-coil-forming domain (with a probability of Ͼ91% according to the COILS program) at the C terminus (Fig. 1A) . We named this protein amisyn, meaning "syntaxin friend," because it binds to syntaxin (see below), and submitted it to the GenBank TM data base under accession number AF391153. An identical clone lacking the first 12 aa subsequently appeared as an independent submission under accession number BC009499. We believe that the extra 12 aa in our clone represents the full-length protein because the untagged clone expressed in COS cells migrated at an identical position to endogenous amisyn by SDS-PAGE under conditions where addition of a 12-aa Myc tag resulted in a clearly slower migrating band (data not shown). The coil domain of amisyn is also 100% identical to that of a putative 108-aa human cd34ϩ hematopoietic stem/progenitor cell protein of unknown function encoded by mRNA HSPC156 on the same chromosome (chromosome 14) (accession number AF161505) (42) . However, the N terminus differs, and it remains to be determined whether or not the HSPC156 mRNA is translated or is a cloning artifact, because our anti-amisyn coil antibodies do not recognize a band of the expected size for this protein in hematopoietic cells present in bone marrow extract or in HL60 cells (data not shown), in which the HSPC156 mRNA is found (42) . The coil domain of amisyn shows 37% identity and 50% similarity (z score ϭ 16.2) to that of tomosyn, and both harbor an arginine residue typical of the VAMP family (5) at the central ionic layer position of the four-helix bundle (Fig. 1B) . Whereas the tomosyn coil shares most identity with VAMP1 and VAMP2 (both 41%) (29) , the amisyn coil displays slightly greater identity to VAMP8 than VAMP2 (31% compared with 27%, respectively) (Fig. 1B) . However, unlike most SNAREs of the VAMP family, amisyn (like tomosyn) lacks a hydrophobic stretch that could serve as a transmembrane anchor, and although it has a C-terminal cysteine residue as well as 5 other cysteines, these do not form part of a typical palmitoylation motif (43) .
The N-terminal 157-aa domain of amisyn is also different from that of tomosyn (34% identity over only 35 aa, z score ϭ Ϫ0.74), being related instead to a human protein of unknown function (cDNA FLJ10983; accession number AK001755; 36% identity over 200 aa; z score ϭ 34.9) and to a Caenorhabditis elegans protein (F52E4.7 gene; accession number AAB54035; 31% identity over 144 aa; 42% similarity; z score ϭ 18.2) (44) that has similarity to Uso1p, a yeast protein implicated in the tethering of endoplasmic reticulum-Golgi transport vesicles (45, 46) (Fig. 1C) . However, there was no significant similarity with p115, the proposed mammalian homologue of Uso1p. An unnamed human protein (NP_060731) with homology to Sec3, a component of the exocyst, also shares 32% similarity with amisyn over most of its length, Given its similarity to tomosyn and VAMP, it was of interest to see whether amisyn could bind to syntaxin or form SNARE complexes. The full-length protein and N-terminal domain were insoluble when expressed in bacteria, but the coil domain (aa 158 -222) that would be expected to participate in such interactions expressed well and so was used in GST pull-down assays. Amisyn coil domain bound specifically to syntaxin 1 and to a lesser extent syntaxin 4 ( Fig. 2A) , as does tomosyn (27, 29) . No binding was observed to syntaxins 3, 6, 13, or 17; nor to syntaxins 7 and 8, the cognate partners for VAMP8 (47) , to which amisyn is the most related ( Fig. 2A and data not shown) . As expected for a VAMP-like coil, no binding was found to any of the VAMP proteins tested (VAMPs 2, 4, 7 and 8; Fig. 2A and data not shown), nor to amisyn coil itself. Unlike tomosyn (27) , amisyn also bound weakly to the SNAP-25 full-length protein ( Fig. 2A) , but not to either SNAP-25 N-or C-terminal coils separately (data not shown). Conversely, both SNAP-25 and syntaxin 1 soluble domain bound to GST-amisyn coil beads, whereas VAMP did not (data not shown). The binding of amisyn coil to syntaxin 1 was much stronger than VAMP2 binding to syntaxin (data not shown; see Ref. 35 ) but weaker than SNAP-25 N terminus binding (Fig. 2B ) and mapped to the H3 domain of syntaxin, as expected (data not shown; see Fig. 2C ). However, similar experiments performed using in vitro translated domains of amisyn showed that full-length amisyn bound syntaxin 1 more efficiently than the coil domain alone, despite the lack of binding by the isolated N terminus (data not shown), suggesting that the N terminus might help the coil domain attain a conformation more suitable for syntaxin binding, as has been proposed for tomosyn (28) .
The binding of amisyn coil to syntaxin 1 was greatly enhanced by the addition of SNAP-25, and conversely, its binding to SNAP-25 was potentiated by addition of syntaxin H3 domain (Fig. 2C) , suggesting that amisyn may form complexes with these synaptic SNAREs in place of VAMP2. Indeed, SDS-resistant SNARE complexes could be formed in vitro with the amisyn coil, syntaxin 1 H3 or full cytoplasmic domain, and SNAP-25 N-and C-terminal coils. Furthermore, the amisyn coil can compete with the VAMP2 coil for complex formation in vitro (data not shown).
This amisyn-containing SNARE complex is even more thermostable than the synaptic complex with VAMP2, melting at over 100°C compared with 96.5°C, as determined by circular dichroism analysis (Fig. 3A) . We attempted to destabilize the amisyn complex to obtain an estimate for the melting temperature by comparing the effect of equivalent destabilizing conditions on the VAMP complex. Destabilization of the VAMP2 complex with 2 M GdnHCl or by mutation of the conserved ionic layer arginine to glutamine (R56Q; see Ref. 30 ) lowered its melting temperature (T m ) by 9 and 10°C, respectively. The equivalent ionic layer mutation in amisyn (R188Q) resulted in a complex that melted at ϳ93°C under normal conditions and 12°C lower in the presence of 2 M GdnHCl; thus it is affected similarly to the VAMP complex. Therefore, by extrapolation, we estimate the T m of the wild-type amisyn complex in the absence of GdnHCl to be ϳ103-105°C (Fig. 3A) . This T m , which is higher than that for the VAMP2 complex, suggests that if amisyn competes with VAMP2 for complex formation in vivo, there must be an effective means of removing it from the complex, and indeed, like the synaptic SNARE complex, the amisyn complex is a substrate for dissociation by ␣-SNAP and NSF (Fig. 3B) .
Unlike VAMP2 and VAMP8 (15), the amisyn coil does not form four-helix complexes (as assessed by SDS-PAGE and circular dichroism) with SNAP-29 and syntaxins 1 or 13, nor with SNAP-23 and syntaxin 1 (or syntaxin 4, although the syntaxin 4-SNAP-23 complex is not SDS-resistant with these two VAMPs either). Thus, amisyn appears to specifically form stable and SDS-resistant complexes with the synaptic t-SNAREs, syntaxin 1, and SNAP-25.
Amisyn Is a Brain-enriched, Mostly Cytosolic Protein That Can Bind to Membranes as Well as Syntaxin 1-The fact that amisyn only formed complexes in vitro with synaptic t-SNAREs suggested that it might have a synapse-specific function and therefore be expressed only in neuronal cells. We therefore raised an antibody against an N-terminal peptide (aa 2-30; Fig. 1A ) and performed Western blotting of tissue and cell extracts (Fig. 4) . Indeed, a 24-kDa protein, in accordance with the predicted molecular mass of 24.8 kDa, was found mostly in brain tissue (Fig. 4A, lane 8 ) were purified by gel filtration and subjected to circular dichroism spectroscopy at 222 nm at the indicated temperatures. Spectroscopy was performed either in regular buffer (0M) or in buffer containing 2 M GdnHCl (2M) to destabilize the complex to lower the T m to a measurable level (below 100°C). The ellipticity signals were normalized by conversion to percentages of unfolded and plotted versus temperature. The T m is the temperature at which half the complex is unfolded (horizontal line across graph). B, the amisyn-containing SNARE complex is dissociated by ␣-SNAP and NSF. The complexes were formed using SNAP-25-C, SNAP-25-N, and syntaxin H3 (lanes 1-4) or full length aa 4 -266 (minus transmembrane domain, lanes [5] [6] [7] [8] , plus VAMP2 coil domain (lanes 1, 2, 5, and 6) or amisyn coil domain (lanes 3, 4, 7, and 8). 1.2 M NSF and 4.5 M ␣-SNAP were added per M SNARE complex along with 2 mM ATP in the presence of 2 mM EDTA (Ϫ) or 2 mM MgCl 2 (ϩ) and incubated at 37°C for 30 min. SDS sample buffer was added prior to loading the samples on a 12% SDS-PAGE gel without boiling. The arrowhead marks the position of the H3-containing complexes (the VAMP2 complex in lane 1 is partially obscured by the ␣-SNAP band), and the arrow points to the full-length syntaxin-containing complexes. The molecular masses are indicated on the left in kilodaltons.
band, this protein was not recognized by antibodies directed against the coil domain (data not shown) and was absent from PC12 cells (which are derived from this tissue). We therefore conclude that this band is not specific. Overexposure of the blots revealed very low levels of amisyn in heart, adrenal gland, testis, liver, and kidney, as also found for overexposed antisyntaxin 1 (HPC1 antibody) blots; thus the distribution of amisyn mirrors that of syntaxin 1, being largely brain-specific. Quantitative analysis of the relative expression levels of syntaxin and amisyn in brain extract (compared with known amounts of the respective fusion proteins), however, revealed that amisyn is much less abundant than syntaxin (by roughly 700-fold), being present at only ϳ7 pg compared with 5000 pg/g of brain PNS (data not shown). The amisyn protein distribution correlated with its mRNA levels (a single 4-kb transcript) as detected by Northern blotting, with the exception of a high mRNA signal in heart that did not correlate with the low protein levels in this tissue (data not shown). Amisyn protein was also detected in COS and HeLa cells (Fig. 4B, lanes  3 and 4) . Amisyn was detected by Western blotting in all of the different subregions of the brain tested (Fig. 4C) , with slight variations in expression level largely following those of syntaxin 1, supporting the notion that amisyn function is related to that of syntaxin 1.
It was of interest to see whether amisyn associates with membranes, because it lacks a membrane-binding motif but can bind to plasma membrane t-SNAREs. High speed centrifugation of rat brain PNS revealed that although amisyn was enriched in the cytosolic fraction, about 25% was found in the membrane pellet (Fig. 5A) . Unexpectedly, this membranebound fraction could not be extracted with high salt, urea, or high pH, under conditions where the peripherally membranebound protein n-sec1 (48) was partly extracted, but the palmitoylated SNAP-25 protein was not (Fig. 5B and data not  shown) . Furthermore, treatment with 1% Triton X-100, which extracted half of the integral membrane SNARE syntaxin 1, about half the SNAP-25, and most of VAMP2, only extracted a small proportion of the amisyn protein. This suggests that at least a component of amisyn binding to membranes is independent of its association with syntaxin. Possibilities include anchoring via reversible post-translational lipid attachment, such as a palmitoyl group, to its C-terminal cysteine residue (or any of its other 5 cysteines), although no known lipid attachment consensus (43, 49) surrounds these residues, and hydroxylamine treatment did not extract amisyn (data not shown). GPI anchoring in lipid rafts is another possibility, because amisyn was not solubilized by nonionic detergents (CHAPS, Tween 20, and Brij-56, Brij-58, and Brij-97; data not shown) in which lipid raft proteins are known to be insoluble (50) . Association of amisyn with the cytoskeleton is an alternative possibility that cannot be ruled out, because octylglucoside treatment, which preserves the cytoskeleton (51), also did not solubilize amisyn (data not shown).
To see whether the membrane-associated amisyn was in a complex, we subjected cytosol and Triton-extracted membrane FIG. 4 . Amisyn is mostly brain-specific but is also found in some cell lines. A, equal concentrations of PNS from freshly homogenized rat tissues were subjected to SDS-PAGE on a 12% gel, blotted, and probed with a polyclonal anti-amisyn N-terminal peptide antibody. 
FIG. 5. Amisyn is mostly cytosolic, but a fraction associates with membranes.
A, amisyn is mostly cytosolic. PNS (P) from a freshly sacrificed rat brain was centrifuged at 20,000 ϫ g to yield cytosolic (C) and membrane-bound (M) fractions. Equal protein concentrations were loaded in each lane of a 12% SDS-PAGE gel, which was blotted and immunodecorated with anti-amisyn coil antibodies. B, the membrane-bound fraction of amisyn resists extraction. The membranebound fraction from A was divided into equal parts and treated with either control buffer (C), 1.5 M NaCl (NaCl), 2 M urea (Urea), 0.2 M sodium carbonate, pH 11.0 (pH 11), or 2% Triton X-100 (TX100) for 30 min at 4°C prior to recentrifugation at 100,000 ϫ g and immunoblotting the entire supernatant (S) and pellet (P). The blot was cut at the appropriate molecular masses to allow immunodecoration with antin-sec1, syntaxin 1, amisyn, and VAMP2 antibodies and detection by ECL. The anti-amisyn blot was exposed for longer than the others because of the relatively low abundance of this protein. C, the membrane-bound fraction is not in a stable complex. Equal concentrations of cytosol (C) and Triton-solubilized membranes (D) from rat brain were subjected to 11-34% glycerol gradient sedimentation at 91,000 ϫ g for 18h in a buffer containing EDTA so as to preserve any SNARE complexes. The fractions were collected from the top and analyzed by Western blotting with the indicated antibodies. The positions of the molecular mass standards are indicated by arrows: 25 kDa (chymotrypsinogen A), 67 kDa (bovine serum albumin), and 158 kDa (aldolase).
fractions to glycerol gradient sedimentation in the presence of EDTA to prevent NSF-mediated dissociation. Both pools of amisyn fractionated around 25 kDa, consistent with a monomeric protein (Fig. 5C ), suggesting that after extraction from membranes amisyn is not in (or does not remain in) a SNARE complex with syntaxin and VAMP, which were both found in denser gradient fractions consistent with SNARE complexes, although a large proportion of VAMP was also monomeric. Therefore, either the amisyn-containing complex is transient or is not stable enough to resist glycerol gradient sedimentation or the attachment of amisyn to the plasma membrane is independent of its SNARE binding properties.
Attempts to localize amisyn by immunofluorescence were unsuccessful, because neither the anti-N-terminal nor the anticoil domain antibodies displayed a staining that could be inhibited by their respective antigens, other than a faint cytoplasmic staining. Expressed amisyn protein (both full-length and coil domain with or without an N-terminal Myc tag) was cytosolic, and no membrane-bound fraction could be seen. Percoll gradient fractionation of gently disrupted HeLa cells revealed that amisyn partially co-fractionated with the plasma membrane proteins syntaxin 4, sec1, and SNAP-23 (data not shown), which might be expected for a protein that binds to the plasma membrane syntaxins 1 and 4. To determine whether or not endogenous amisyn forms complexes with syntaxin 1 in vivo, as suggested by our in vitro binding studies and their parallel tissue distributions, we immunoprecipitated these two proteins from rat brain extracts and Western blotted to see whether the other co-precipitated (Fig. 6) . Anti-amisyn antibodies immunoprecipitated amisyn in greater amounts from cytosol than from membranes (compare lanes 2 and 3) , as expected given its distribution (Fig. 5A) . Anti-amisyn antibodies also co-precipitated syntaxin 1, which was enriched in membranes (lane 5) compared with total PNS (lane 4) (and absent from the cytosol (lane 6) as expected because syntaxin is an integral membrane protein), confirming that amisyn can bind to syntaxin 1 at the plasma membrane. This immunoprecipitation was specific in that syntaxins 8 and 13 and VAMP2 were not co-immunoprecipitated with amisyn (data not shown). However, only about 0.1% of the total syntaxin 1 was coprecipitated with amisyn, suggesting that the interaction may be transient, because our in vitro binding data imply strong binding. Alternatively, this low percentage could simply reflect the greater abundance of syntaxin compared with amisyn in brain tissue (see above). SNAP-25 was also present in the amisyn immunoprecipitate, but at even lower levels than syntaxin, confirming that amisyn can form a ternary complex with syntaxin and SNAP-25, as well as greater amounts of binary complex with syntaxin alone. Conversely, anti-syntaxin 1 (but not anti-syntaxin 13; lane 11) antibodies also immunoprecipitated amisyn from membranes (lane 10), although to a much lesser extent than VAMP2 (lane 7) and SNAP-25 (lane 9), as expected. The binding of endogenous amisyn to syntaxin 1 was confirmed in that GST-syntaxin beads selectively bound amisyn from rat brain PNS (data not shown). Syntaxin 4 was also present in amisyn immunoprecipitates from rat brain (data not shown), thus validating the in vitro binding observed in Fig. 1 and suggesting that amisyn might perform a similar function in non-neuronal tissues by binding this syntaxin.
Amisyn Coil Domain Inhibits the Rescue of Exocytosis by SNAP-25 C Terminus in Botulinum Neurotoxin E-treated PC12
Cells-Because amisyn binds most strongly to syntaxin 1, we reasoned that it might play a role in regulating syntaxin 1 function in membrane fusion. We therefore tested whether amisyn affected the fusion of [ 3 H]norepinephrine-laden dense core vesicles with the plasma membrane in cracked PC12 cells. Anti-amisyn N terminus or coil antibodies had no effect in this neurotransmitter secretion assay, which was not surprising because they did not recognize a 24-kDa band in this cell line. However, because soluble coil domains of the plasma membrane (but not those of other compartments) syntaxins and VAMP2 inhibit secretion in this system by forming nonproductive SNARE complexes (18), we examined whether the soluble coil domain of amisyn might have a similar effect. When added to the regular release assay, the amisyn coil domain only partially inhibited fusion, implying that it was not as capable of forming SNARE complexes as VAMP2 under these conditions (Fig. 7A) . However, the amisyn coil domain was almost as effective as the VAMP2 coil domain at inhibiting the rate of rescue of botulinum neurotoxin E inhibition (8) by recombinant SNAP-25 C-terminal coil (Fig. 7, B and C) . This property of inhibiting rescue more effectively than regular release was unique to amisyn coil domain; none of the other syntaxin or VAMP coil domains that did not inhibit regular release (18) could inhibit SNAP-25-C rescue (Fig. 7B and data not shown) . The inhibition of rescue is likely due to amisyn forming SNARE complexes in place of VAMP2 because mutations in amisyn that decrease SNARE complex thermostability (R188A (T m of 91°C), R188Q (T m of 93°C), and L185A (T m of ϳ101°C); Fig.  3B and data not shown) are less effective at inhibition, as are equivalent destabilizing mutations in VAMP ( Fig. 7D ; see Ref. 30) . The most likely explanation is that in the toxin-treated cells, the SNARE complex is more open and accessible to inhibition by amisyn coil (but not by nonspecifically interacting SNAREs even though these can form complexes in vitro (15, 16, 18) ), whereas in non-toxin-treated cells, the SNAREs have already assembled past the state in which they are sensitive to amisyn coil. This suggests that amisyn probably acts upstream of SNARE complex formation, perhaps in regulating the availability of syntaxin for binding to VAMP. DISCUSSION We have identified a novel brain-enriched 24-kDa protein with a tomosyn-like SNARE domain that binds in vitro and in vivo to syntaxin 1 at the plasma membrane and may regulate SNARE complex formation. Like tomosyn, the binding of amisyn is specific for syntaxin 1 and to a lesser extent syntaxin 4. Unlike tomosyn, however, amisyn also bound weakly to SNAP-25 and was not found in a stable high molecular mass complex with these SNAREs.
With its VAMP-like coil domain, it is possible that amisyn functions as a SNARE, despite its lack of a transmembrane FIG. 6 . Amisyn and syntaxin 1 reciprocally co-immunoprecipitate. Equal amounts of rat brain PNS (P), cytosol (C), and membranes (M) were incubated overnight with the antibodies (IP) against amisyn coil (lanes 1-6), syntaxin 1 (HPC1; lanes 7-10) , or syntaxin 13 (S13; lane 11) and protein A-Sepharose beads. After washing the beads, the bound proteins were eluted by boiling in sample buffer and Western blotted (Blot) with antibodies specific for amisyn (lanes 1-3, 10, and 11) , syntaxin 1 (lanes 4 -6), VAMP2 (lane 7) , or SNAP-25 (lanes 8 and 9) . The blot shown is representative of three independent experiments. Approximately 5-10% of amisyn was co-immunoprecipitated by antisyntaxin antibodies (data not shown), whereas only ϳϽ0.1% of syntaxin was pulled down by anti-amisyn antibodies.
domain and its potential association with the plasma membrane rather than the transport vesicle, which is the usual location of VAMP proteins. Although SNAP-23, SNAP-25, and SNAP-29 do not have transmembrane anchors (SNAP-23 and SNAP-25 are palmitoylated (52) , and SNAP-29 is not membrane-anchored at all (53)), there are also examples of syntaxins and VAMPs that lack transmembrane domains. Syntaxin 11 is putatively palmitoylated (54 -57) , the yeast v-SNARE Ykt6p is prenylated (probably geranylgeranylated) (54) , and the C. elegans putative orthologue of VAMP2 (F23H12.1; accession number T21318) (58) appears to lack any membrane attachment motif. However, if amisyn were to function as a true SNARE protein and mediate fusion with syntaxin 1 as a partner, at least one of the other coils of the four-helix SNARE complex must be a transmembrane protein, because nontransmembrane lipid-anchored SNAREs cannot mediate fusion (17, 59) . This would exclude SNAP-25 from being the cognate partner, yet this was the only SNARE found to form a complex in vitro with amisyn and syntaxin. Thus, if amisyn acts as a v-SNARE it would have to be in conjunction with membraneanchored SNAREs that were not tested here.
The resistance of amisyn to membrane extraction in the absence of a transmembrane anchor (Fig. 5 ) could be consistent with either cytoskeletal attachment or membrane binding via palmitoylation or another lipid attachment moiety, although it lacks any recognizable lipidation motifs. Because over half of the cellular amisyn is cytosolic, it could undergo cycles of palmitoylation and depalmitoylation to be recruited to the plasma membrane and released, because this post-translational modification is reversible (60) . This would not be without precedent in membrane fusion, because the yeast armadillo repeat protein Vac8p, required for vacuolar inheritance, must be palmitoylated for its function in fusion and retention on the vacuolar membrane yet is depalmitoylated during or after its binding to the vacuolar SNARE complex (61, 62) . Furthermore the binding of SNAP-23 and SNAP-25 to syntaxin is enhanced when their membrane binding is increased by palmitoylation (52) . It remains to be determined whether amisyn does cycle on and off the plasma membrane, because this could be an ideal means of regulating its syntaxin binding activity.
The amisyn coil domain was not an effective inhibitor of regular norepinephrine secretion but was almost as effective as the VAMP2 coil domain at inhibiting SNAP-25-C rescue in botulinum neurotoxin E-treated PC12 cells. This most likely indicates that it competes with VAMP2 for formation of trans-SNARE complexes in the rescue but not the regular assay, thus preventing membrane fusion. Because loose or incompletely zippered SNARE complexes are thought to form during the early MgATP priming step of exocytosis (24, 25, 63) , this suggests that amisyn probably acts upstream of priming when the SNAREs are fully accessible, a state that is prolonged in toxintreated cells because one of the four coils is incomplete. This need not mean that amisyn acts as a competitor in vivo, because it is possible that the coil domain without the N terminus acts in a dominant negative fashion, similar to the inhibitory effect of transmembrane-less VAMP coil domain (with or without its N terminus) on fusion (18). Unfortunately it was not possible to test whether full-length amisyn or its N-terminal domain stimulated or inhibited fusion in this assay, because these proteins could not be sufficiently expressed in soluble form. The function of amisyn in regulating fusion with the plasma membrane is likely to differ from that of the much larger tomosyn protein, because only full-length tomosyn and not the C-terminal domain (which includes the coil domain) inhibits human growth hormone secretion from dense core vesicles in PC12 cells (27) . Furthermore, tomosyn has been suggested to displace n-sec1 from syntaxin (27) , and we were unable to detect such an activity of the coil domain of amisyn (data not shown), although it remains possible that the N terminus could have this function. The N-terminal domain accounts for 70% of the amisyn protein and so could interact with other proteins upstream of SNARE complex formation, such as Rab effectors, which have been proposed to regulate n-sec1 binding to syntaxin (19, 26) . Although the absence of amisyn from PC12 cells and its high levels in brain might suggest a function in fast synaptic release, its presence in COS and HeLa cells and its ability to bind syntaxin 4 in vitro and by immunoprecipitation could indicate a similar nonsynaptic function in regulating plasma membrane SNARE complex formation in these cells, although no SNARE complexes with SNAP-23 were detectable in vitro.
The precise function of amisyn remains unclear. Given the similarity of its N terminus to the C. elegans homologue of the tethering protein Uso1p, it is tempting to speculate that it might be a component of a vesicle tethering complex. Amisyn could perhaps attach synaptic vesicles to the release site by binding to syntaxin and then be exchanged for VAMP upon receipt of a trigger for membrane fusion. This would be an attractive hypothesis, because it has been suggested that tethering may be linked to SNARE complex formation (64) . However, amisyn is much smaller than the known tethering proteins like Uso1p (65), sec34p/sec35p (66), giantin (67, 68) , GM130 (69, 70) , and EEA1 (71) . Thus, if amisyn were a tethering factor it would either tether membranes more closely than the above factors or be a component of a larger complex. Despite its limited homology (32%) with a Sec3-like protein, amisyn is not a known component of the proposed plasma membrane tethering complex, the Sec6/Sec8 complex, or exocyst (72) , which also co-immunoprecipitates with syntaxin and is not completely extracted from membranes by Triton X-100 (73) . Amisyn migrated as a monomer both in the cytosol and after extraction from membranes, although a transient or detergent-unstable interaction with a tethering complex such as the Sec6/Sec8 complex cannot be ruled out.
Whether or not it plays a role in tethering, amisyn most likely binds at least transiently to syntaxin (and to a lesser extent SNAP-25) at the plasma membrane and probably regulates its function, consistent with its lower expression level. We propose that it acts as a "placeholder," maintaining the conformation of at least a subset of these t-SNAREs, probably those at the active zone, so as to facilitate the binding of VAMP2 and thus fusion complex formation upon receipt of the appropriate stimulus. It remains to be determined whether the ␣-SNAP/ NSF-mediated dissociation of the amisyn-t-SNARE complex observed in vitro is necessary for the replacement of amisyn by VAMP2 in the cell. The presence of amisyn in certain nonneuronal cell lines and its ability to interact with syntaxin 4 suggest that it might play a similar role in interacting with this plasma membrane syntaxin in these cells too. Future studies of the full-length amisyn protein and the regulation of its binding to syntaxin and SNAP-25 will be required to elucidate its precise cellular function.
